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11â-Hydroxysteroid dehydrogenase (11â-HSD) enzymes catalyze the conversion of biologically inactive
11-ketosteroids into their active 11â-hydroxy derivatives and vice versa. Inhibition of 11â-HSD1 has
considerable therapeutic potential for glucocorticoid-associated diseases including obesity, diabetes, wound
healing, and muscle atrophy. Because inhibition of related enzymes such as 11â-HSD2 and 17â-HSDs
causes sodium retention and hypertension or interferes with sex steroid hormone metabolism, respectively,
highly selective 11â-HSD1 inhibitors are required for successful therapy. Here, we employed the software
package Catalyst to develop ligand-based multifeature pharmacophore models for 11â-HSD1 inhibitors.
Virtual screening experiments and subsequent in vitro evaluation of promising hits revealed several selective
inhibitors. Efficient inhibition of recombinant human 11â-HSD1 in intact transfected cells as well as
endogenous enzyme in mouse 3T3-L1 adipocytes and C2C12 myotubes was demonstrated for compound
27, which was able to block subsequent cortisol-dependent activation of glucocorticoid receptors with only
minor direct effects on the receptor itself. Our results suggest that inhibitor-based pharmacophore models
for 11â-HSD1 in combination with suitable cell-based activity assays, including such for related enzymes,
can be used for the identification of selective and potent inhibitors.

Introduction

Glucocorticoids are important regulators of various physi-
ological processes including immunomodulation, cell growth,
and energy metabolism.1,2 Chronic glucocorticoid excess has
been associated with many diseases including muscle wasting,
osteoporosis, cataract formation, cognitive disorders, and the
metabolic syndrome, which is characterized by several clinical
features such as visceral obesity, insulin resistance, diabetes,
hypertension, dyslipidemia, and atherosclerosis. Glucocorticoids
antagonize the effects of insulin and leptin,3,4 and they stimulate
hepatic glucose production and reduce glucose uptake in adipose
tissue and skeletal muscle;5-8 therefore, chronically elevated
glucocorticoid concentrations contribute to glucose intolerance.

In particular, enhanced local reactivation of glucocorticoids
rather than systemically elevated glucocorticoid levels have been
associated with metabolic disease.9 Inactive 11-ketoglucocor-
ticoids [cortisone (1) in humans and 11-dehydrocorticosterone
in rodents] are converted to active 11â-hydroxyglucocorti-
coids [cortisol (2) in humans and corticosterone in rodents] by
11â-HSD1, an enzyme expressed ubiquitously that plays an
essential role in the liver, adipose tissue, and skeletal muscle.

Transgenic overexpression of 11â-HSD1 in adipose tissue in
mice caused visceral obesity, glucose intolerance, and insulin
resistance,10,11while overexpression in the liver caused metabolic
syndrome without obesity.12 In contrast, 11â-HSD1 knock-out
animals were resistant to the development of high-fat diet-
induced diabetes.13 Investigations in humans provided evidence
for enhanced expression of 11â-HSD1 in adipose tissue of obese
patients and in skeletal muscle of diabetic patients, while its
expression was found to be reduced in the liver.6,14-18 Thus,
11â-HSD1, which is considered as a promising target for
treatment of glucocorticoid-dependent disease, may exert various
functions in different tissues, suggesting that inhibitors with
distinct properties may be required for successful tissue-specific
therapeutic applications.

A second enzyme, 11â-HSD2, catalyzes the reverse reaction,
e.g., the inactivation of glucocorticoids, and is expressed mainly
in kidney and placenta, where it protects mineralocorticoid
receptors (MR) from activation by glucocorticoids.19 Although
11â-HSD1 and 11â-HSD2 both catalyze the interconversion of
glucocorticoids (Figure 1), they are functionally quite different,20

have only 18% identical amino acid sequences, and share a
higher similarity with other members of the short chain de-
hydrogenase/reductase (SDR) family.21

SDR enzymes share a conservedR/â nucleotide-binding
Rossman fold consisting of five stranded parallelâ-sheets
flanked by threeR-helices on the right and left side each. SDR
reactions are catalyzed by a Tyr-(Xaa)3-Lys motif, which is often
combined with a conserved Ser that orients the substrate. The
conserved Lys residue forms hydrogen bonds with the nico-

* To whom correspondence should be addressed. (A.O.) Tel:
+41/31/632-9438. Fax: +41/31/632-9444. E-mail: alex.odermatt@
dkf.unibe.ch. (T.L.) Tel: +43/512/507-5252. Fax:+43/512/507-2940.
E-mail: Thierry.Langer@uibk.ac.at.

† University of Innsbruck.
‡ These authors contributed equally to the present work.
§ University of Berne.
| BioNetWorks GmbH.

3454 J. Med. Chem.2006,49, 3454-3466

10.1021/jm0600794 CCC: $33.50 © 2006 American Chemical Society
Published on Web 05/19/2006



tinamide ribose and lowers the pKa of the Tyr hydroxyl group
to promote proton transfer.22

With the recent elucidation of the murine, guinea pig, and
human 11â-HSD1 X-ray crystal structures (PDB entry 2bel),22-25

a valuable basis for the proper investigation of the enzyme’s
function and for rational inhibitor design is now available. 11â-
HSD1 uses the cofactor NADPH to reduce1 to 2. In all three
published human crystal structures, the cocrystallized ligand was
observed in close vicinity to the cofactor molecule NADPH as
well as the catalytic amino acid residue Tyr183. Ser170
participated in ligand binding, stabilizing the orientation within
the active site.

As manual positioning and pharmacophore-based fitting of
ligands into the binding pocket suggest, various steroids such
as 1 and 7-ketocholesterol could bind in a perpendicular
orientation relative to the observed position of CHAPS (PDB
entries 1xu7 and 1xu9) and4 (carbenoxolone, CBX, PDB entry
2bel).22,25,26

In recent years, molecular modeling has gained much
importance in the field of drug discovery and development.27-29

Various computational approaches are now available to comple-
ment the array of hit and lead discovery technologies, among
which virtual screening (VS) is most popular. VS methods are
designed for searching large compound databases in silico and
selecting a limited number of candidate molecules for in vitro
testing to identify novel chemical entities that have the desired
biological activity.30 VS can be applied to search for new active
hits out of a virtual library that represents an existing compound
library, and it can also be employed for an estimation of ADME
parameters, drug-likeness, and toxicity.27,28,31-34 In a comparison
of hit rates from high throughput screening (HTS) and VS,
Doman et al.35 demonstrated the power of the VS approach.
HTS of 400000 compounds resulted in 85 hits with IC50 values
< 100 µM and six of them with IC50 values < 10 µM.
Biological testing of 365 proposed compounds derived by
molecular docking returned 127 hits with IC50 values< 100
µM of which 21 had IC50 values< 10 µM. This study showed
that the modest HTS hit rate of 0.021% was dramatically
outperformed by VS (hit rate of 34.8%).

At the beginning of our modeling studies, no X-ray crystal
structure of 11â-HSD1 was available. Accordingly, we em-
ployed ligand-based pharmacophore models as VS tools for the
identification of novel classes of 11â-HSD1 inhibitors. Because
inhibition of renal 11â-HSD2 would result in2-dependent
activation of MR, thereby causing sodium retention and
hypertension, and inhibition of 17â-HSDs would interfere with

local estrogen metabolism, the compounds selected from in silico
screening were subjected to biological testing using several cell-
based assays.

Results

Ligand-Based Pharmacophore Modeling for Selective
11â-HSD1 Inhibitors. Several preferably selective inhibitors
of 11â-HSD1 are known from literature, many of them
belonging to the structural class of arylsulfonamides.36,37 The
training set compounds were selected from the stockroom DB
(a pool of 144 compounds with known activity on one or both
11â-HSD enzymes; see Supporting Information Table S-1)
based on high activity, selectivity, and chemical diversity. As
a training set for the 11â-HSD1 inhibitor pharmacophore model,
the highly selective inhibitor5 (CAS 376638-65-2),36 6 (cheno-
deoxycholic acid)swhich preferentially inhibits 11â-HSD126,38,39s
and the potent 11â-HSD1 inhibitor7 (CAS 686746-69-0) for
which the selectivity toward 11â-HSD2 has not been deter-
mined37 were selected (Chart 1). The hypothesis generation
process returned 10 hypotheses of which all contained six
features. The first hypothesis consisted of four hydrophobic (H)
features, one hydrogen bond acceptor (HBA) feature, and one
hydrogen bond donor (HBD) feature. All other nine hypotheses
lacked the HBD feature; a second HBA was present instead.
Generally, HBD features make a model more restrictive than
HBA features, which results in less abundant hitlists when
employing the pharmacophore model as a VS tool. Therefore,
the first hypothesis was picked for further refinement. If a model
contains no spatial restrictions, a VS run can return hits that
are too spacious to fit into the ligand binding site. When
employing ligand-based models, spatial information on known
active ligands can be included by fitting active, large, and rigid
compounds into the model and converting the molecule into a
shape query. When the derived shape is merged with the initial
hypothesis, compounds that stick out of this shape when fitted
into the model will be excluded from the VS hitlist. As a spatial
refinement for the 11â-HSD1 inhibitors model, the rigid
compound6 was fitted into the pharmacophore, converted into
a shape query, and merged with the initial hypothesis (Figure
2). This extended models“hypothesis 1”swas supposed to
identify preferably 11â-HSD1 selective compounds.

To test the potential of hypothesis 1 to identify potent,
selective 11â-HSD1 inhibitors, the so-called stockroom database

Figure 1. 11â-HSD enzymes catalyze the interconversion of cortisone
and cortisol. Glycyrrhetinic acid (GA) and carbenoxolone (CBX)
constitute prominent, nonselective 11â-HSD inhibitors.

Chart 1. Training Set Compounds for the 11â-HSD1 Inhibitor
Pharmacophore Model
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consisting of 144 11â-HSD inhibitors (Supporting Information
Table S-1) with different potency and selectivity was searched
using the Best Flexible Search algorithm. The search returned
17 hits including two compounds of the training set (Table 1).
The other 15 hits comprised compounds with different (weak
to potent) activity on 11â-HSD1. However, none of these hits
was a known nonselective or a type 2 selective inhibitor.
Conclusively, hypothesis 1 should return only hits with a
satisfactory selectivity toward 11â-HSD2.

In addition to this first screening, the Derwent World Drug
Index (WDI) database40sa database comprising 63307 com-
pounds that are currently marketed as drugs or that are under
clinical investigationswas searched with hypothesis 1 employ-
ing the Fast Flexible Search algorithm. With this second
validation step, the promiscuity of the model was determined.
A promiscuous model has a higher hit rate from a random
druglike database (such as the WDI) than a specific one. This
search returned 365 hits (0.6%) including some known active
compounds, e.g.,6. Taken altogether, hypothesis 1 was able to
identify several 11â-HSD1 inhibitors out of the stockroom DB
while excluding known selective 11â-HSD2 inhibitors from the
hitlist. Furthermore, the random hit rate determined by a VS
run in the WDI was low. Thus, this model should be suitable
as a VS tool for new 11â-HSD1 inhibitors.

Ligand-Based Pharmacophore Modeling for Nonselective
11â-HSD Inhibitors. Currently, no selective and highly potent
inhibitor of human 11â-HSD2 is known; thus, specific ligand-
based pharmacophore modeling for this isoenzyme was not
possible. Therefore, a nonselective model was developed as a
VS tool for DB mining for 11â-HSD2 as well as 11â-HSD1
inhibitors. To retrieve a distinct model as compared to hypoth-
esis 1, compounds that show preferable inhibition of 11â-HSD2
were selected for hypothesis generation. Only few data for such
inhibitors are published; none of these compounds is highly

selective. Recently, a potent and somehow selective inhibitor
of rat 11â-HSD2 was reported. The 2-hydroxyethyl derivative
of 18â-glycyrrhetinic acid (GA) amide inhibited 11â-HSD2
activity by 92% at a concentration of 10µM, while 11â-HSD1
activity was only decreased by 36% under the same conditions.
With an IC50 of 4 pM, this compound is the most potent and
selective 11â-HSD2 inhibitor reported to date;41 therefore,23
(CAS 723294-42-6) was chosen as the first template structure
for the nonselective pharmacophore model. Compound4 is
known as another potent inhibitor of 11â-HSD1 and 11â-HSD2.
Published data from Barf et al. suggest thatsalthough both 11â-
HSD isoenzymes are potently inhibited by4sthis compound
inhibits human 11â-HSD1 with a 4-fold higherKi value than
human 11â-HSD2.36 Therefore,4 constitutes the second tem-
plate structure for the new pharmacophore model (Chart 2). The
pharmacophore generation process returned 10 hypotheses with
4-5 H features and four HBA features each. An evaluation by
VS of the stockroom DB showed that the first hypothesis was
most restrictive; therefore, it was refined by merging the shape
of 23with the model (Figure 3). The resulting pharmacophores
“hypothesis 2”snot only identified23, 4, and two potent 11â-
HSD inhibitors from the stockroom DB as actives, it also
excluded known selective 11â-HSD1 inhibitors from the hitlist
(Table 2).

To determine the random hit rate from a VS run in a druglike
DB, the WDI was screened with hypothesis 2 employing the
Fast Flexible Search algorithm, which returned eight hits
(0.01%) including4. Accordingly, also, hypothesis 2 fulfilled
the criteria for a suitable VS model.

Enrichment of Actives in a Random Druglike Database.
In addition to the search in the Derwent WDI, which returned
only 365 and eight “random” hits, respectively, we employed
hypothesis 1 and hypothesis 2 in database searches in a virtual
library described in ref 42. We seeded 10 active compoundss
the GA analogues 18â-GA amide,4, 23, 24, and CAS 757218-
99-855 as well as the bile acid6 and the sulfonamides7, 8,
CAS 686746-46-3,37 and CAS 686746-70-337sinto this DB and
examined the enrichment of the hitlists.

Hypothesis 1 returned 136 hits (out of 12785 compounds,
0.08% of them actives); hypothesis 2 identified five compounds
as hits from a best flexible search. Of the hits retrieved with
hypothesis 1, two (1.5%) were known actives. All five
compounds returned by a search with hypothesis 2 (100%)
descended from our actives set. Taken together, seven of the
10 seeded actives were recovered by our two models. Five
percent of our combined hitlist consisted of known actives,
which corresponds to a 63-fold enrichment as compared to the
initial virtual library.

Virtual Screening. DB mining of 12 commercially available
compound libraries for new 11â-HSD1 and 11â-HSD2 inhibi-
tors was conducted with hypothesis 1 and hypothesis 2 by using
the Best Flexible Search algorithm of Catalyst (Table 3).
Confronted with the abundance of hits derived by hypothesis
1, additional filter settings were used to select the most
promising hits for biological testing. We did not employ
Lipinskis rule of five for further filtering of the hitlist because
many known potent 11â-HSD inhibitors do not meet the
requirements of these rules. Many of themse.g., 4shave a
molecular weight significantly greater than 500. So, the well-
established rule of five might not be the best filter to discover
highly active inhibitors for this target enzyme. Our custom filter
included a Best Fit valueg 5, a maximum number of HBD
features of five, a maximum number of HBA features of 10,
no fitting into a hERG potassium channel block pharmacophore

Figure 2. Compound6 fitted into hypothesis 1 without shape. H
features are shown in cyan, HBAs are shown in green, and HBDs are
shown in violet (top). Hypothesis 1 without a fitted ligand. The shape
of 6 is depicted in gray (bottom).
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model (which recognizes 80% of hERG channel blockers from
a test set),43 a cLogP of e 5 indicating a low chance of

bioavailability problems,33 a calculated solubility ofg-5 (the
computations of cLogP and solubility were performed with the

Table 1. Hitlist Derived from a Stockroom DB Search with Hypothesis 1a

a Numbers in brackets indicate the % inhibition of the respective isoenzyme at a concentration of 10µM. Compounds included in the training set of
hypothesis 1 are excluded from this table.
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Osiris Property Explorer available at www.organic-chemistry-
.org/prog/peo/index.html), and no structural relationship to
already published sulfonamide derivatives.37 Only 16 com-
pounds of the preliminary 20304 hits met these stipulations.
Of these 16 substances, 15 were available for purchase.

As listed in Table 3, out of the 1776579 compounds included
in the DBs searched, only 107 (0.006%) compounds returned
as hits from VS with hypothesis 2 (only hits with a Best Fit
value> 0 were counted). From these 107 substances, 15 were
chosen for biological testing. The compounds were selected
based on chemical stability, Best Fit values, and availability.

In Vitro Validation of VS Hits. The VS protocol employed
for searching inhibitors of 11â-HSD1 yielded 30 compounds
that were then subjected to biological analysis for potential
inhibition of human 11â-HSD1, 11â-HSD2, 17â-HSD1, and
17â-HSD2. The known, naturally occurring, and nonselective
11â-HSD inhibitor GA was used as a query compound. At a
concentration of 10µM, seven of the 30 compounds tested
(compounds25-31; Chart 3 and Table 4) inhibited more than
70% of the activity of 11â-HSD1 when measured in cell lysates
and were further investigated. None of the selected compounds
showed any signs of toxicity at concentrations up to 40µM in
MTT cytotoxicity assays. As shown in Table 4, the IC50 values

of all seven compounds were below 10µM, with four
compounds in the nanomolar range. The excellent fitting of25,
27, and31 into the respective hypotheses is shown in Figure 4.

To assess the selectivity of these compounds, inhibition of
11â-HSD2 was determined. Compounds25and26, which were
predicted based on the 11â-HSD1-selective pharmacophore
model, did not inhibit 11â-HSD2, whereas27-31, which were
predicted based on the 11â-HSD unselective pharmacophore
model, showed significant inhibition of 11â-HSD2 with IC50

values below 10µM. Compound27, which has a sterol/steroid-
like backbone, showed 27-fold preference to inhibit 11â-HSD1,
whereas28-31, which have a GA- or4-like structure, inhibited
11â-HSD2 with a 3-4-fold preference. To further assess the
specificity of the selected compounds, we determined their effect
on the activities of 17â-HSD1 and 17â-HSD2 in cell lysates.
Two compounds inhibited 17â-HSD1, but IC50 values were at
least 10-fold higher than those for 11â-HSD1. Significant
inhibition of 17â-HSD2 was observed for26 and30, with IC50

values below 10µM (Table 5).
A more reliable estimation of the potency of an inhibitor can

be made in assays using intact cells. Therefore, we compared
the potency of25-31 in HEK-293 cells transiently expressing
either 11â-HSD2 or 11â-HSD1 and hexose-6-phosphate dehy-
drogenase (H6PDH), which determines the reaction direction

Chart 2. Training Set Compounds for the Nonselective
Inhibitor Pharmacophore Model

Table 2. Hitlist Derived from a Stockroom DB Search with Hypothesis 2a

a Compounds included in the training set of hypothesis 2 are excluded from this table.

Figure 3. Compound23 fitted into hypothesis 2 without shape (top).
Nonselective pharmacophore model without a fitted ligand (bottom).
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of 11â-HSD1 as an oxoreductase and reflects the endogenous
situation in metabolically relevant tissues44-46 (Table 4).
Although the query compound GA inhibited 11â-HSD2 with a
10-fold preference over 11â-HSD1 when measured in cell
lysates, it inhibited both enzymes in intact cells showing a slight
preference to inhibit 11â-HSD1. A similar observation was made
with the GA derivatives28-31, which all showed a switch in
their preference to inhibit 11â-HSD1 in intact cells. Because
25 and27 displayed 10-fold selectivity to inhibit 11â-HSD1 in
lysates and intact transfected HEK-293 cells, they were further
tested in endogenous cell models.

Enhanced expression of 11â-HSD1 was found in myotubes
from diabetic patients;6 however, a suitable muscle cell-based
assay allowing a more efficient analysis of inhibitors was not
available. Here, we show that differentiated mouse C2C12
myotubes express 11â-HSD1 and efficiently catalyze the
oxoreduction of1 to 2, comparable with the activity reported
in differentiated mouse 3T3-L1 adipocytes.44,47

Analysis by quantitative real-time reverse transcriptase poly-
merase chain reaction revealed that both cell lines have very

Table 3. VS for 11â-HSD Inhibitors with Hypothesis 1 and
Hypothesis 2

no. of hits with best
fit values> 0/% hits

DB DB size hypothesis 1 hypothesis 2

Asinex Gold 199483 2667/1.3 4/0.002
Asinex Platinum 113364 2100/1.9 4/0.004
Bionet 2003 37826 265/0.7 0/0
ChemBridge DVS 29991 174/0.6 0/0
ChemDiverse Clab 202446 1459/0.7 14/0.007
ChemDiverse IDC 123000 1218/1.0 6/0.004
Enamine 03 300509 3875/1.3 32/0.011
Interbioscreen 03 nat 29977 484/1.6 25/0.083
Interbioscreen 03 syn 287726 3448/1.2 6/0.002
Maybridge 2003 59194 635/1.1 1/0.002
NCI 123219 446/0.4 4/0.003
Specs 09 03 269844 3533/1.3 11/0.004
total 1776579 20304/1.1 107/0.006

Chart 3. Compounds25-31 Derived from VS with Hypothesis 1 and Hypothesis 2

Table 4. Computed Properties for Compounds1-7a

compound molecular weight best fit value cLogP LogS

25 373.45 5.09, model 1 2.06 -3.22
26 450.32 5.08, model 1 3.3 -4.47
27 486.65 4.05, model 2 ND ND
28 604.83 6.28, model 2 ND ND
29 631.89 4.15, model 2 ND ND
30 512.73 4.11, model 2 ND ND
31 469.71 3.81, model 2 ND ND

a ND, not determined.
Figure 4. Compound25 fitted into hypothesis 1 (top) and27 (middle)
and31 (bottom) fitted into hypothesis 2.
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low levels of 11â-HSD1 in the undifferentiated state (Ct values
of 29.5 for C2C12 and 29.4 for 3T3-L1, no conversion
detectable after a 4 hincubation) but relatively high levels after
differentiation (Ct values of 19.1 for C2C12 and 20.5 for 3T3-
L1). H6PDH expression, which is essential for 11â-HSD1
oxoreductase activity,44-46 does not significantly change during
differentiation in both cell lines (Ct values of 23.3 and 22.7 for
undifferentiated and differentiated C2C12 and 23.9 and 23.7
for undifferentiated and differentiated 3T3-L1 cells). Thus,
differentiated C2C12 myotubes are a suitable cell system to
study 11â-HSD1-mediated effects. As observed in HEK-293
cells transfected with both 11â-HSD1 and H6PDH,27 ef-
ficiently inhibited conversion of1 to 2, with IC50 values of 0.33
( 0.04 and 0.65( 0.08µM in C2C12 myotubes and 3T3-L1
adipocytes, respectively. Compound25 inhibited the 11â-HSD1-
dependent conversion of1 with IC50 values of 4.17( 0.91 and
3.90 ( 0.75 µM in C2C12 myotubes and 3T3-L1 adipocytes,
respectively (Figure 5).

A potentially useful 11â-HSD1 inhibitor should block the
local generation of2 and reduce activation of glucocorticoid
receptors (GR). Therefore, we assessed the cellular activity of
27 by performing a transactivation assay. The transcriptional
activation of a galactosidase reporter gene under the control of
a promoter containing a glucocorticoid response element was
determined in HEK-293 cells transfected with GR, 11â-HSD1,
and H6PDH. Addition of 250 nM1 induced an approximately
30-fold increase of the galactosidase activity (positive control;
Figure 6A). That this stimulation of transactivation is dependent
on GR and 11â-HSD1 was verified by treatment of the cells
with the GR antagonist RU486 and the nonspecific 11â-HSD1
inhibitor GA, which significantly reduced transcription of the
galactosidase reporter gene. GR-dependent transactivation was
then measured in cells treated with increased concentrations of
27, and a dose-dependent inhibition was observed, with an IC50

of 2.09 ( 0.31 µM. As a control, HEK-293 cells were
transfected with GR in the absence of 11â-HSD1 and H6PDH
(Figure 6B). Whereas1 did not affect transactivation, incubation
of cells with 100 nM2 induced transactivation approximately
60-fold. Compound27exerted a weak antagonistic effect, with
an IC50 of transactivation observed at 11.8( 2.4µM, suggesting
that the antiglucocorticoid effect of27 is mainly due to inhibition
of 11â-HSD1-dependent reduction of1 to 2. As an additional
control, we assessed the effects of27 on MR (Figure 6C).
Treatment with1, which does not bind to MR, had no effect
on reporter gene expression, whereas2 (not shown) and
aldosterone strongly stimulated transactivation. Compound27
exerted a weak antagonistic effect on MR, with an IC50 of 21
( 4 µM. Thus, the antagonistic effect on both GR and MR
occurs at 6-10-fold higher concentrations than the inhibition
of 11â-HSD1.

Docking of New 11â-HSD1 Inhibitors. During the course
of these studies, the X-ray crystal structure of human 11â-HSD1
has been published. To rationalize the potent inhibition of25,
27, and31, they were docked into the ligand binding pocket
(PDB entry 2bel). All three compounds occupied a similar but
somewhat smaller area as compared to the observed binding
position of 4 (Figure 7). All three docked structures formed
interactions with the catalytically active amino acid residue
Tyr183 in their best-ranked position: The amide nitrogen of
25 forms a hydrogen bond, and27 and31 have hydrophobic
contacts with the aromatic part of Tyr183. In the 7th-best ranked
solution of27, the keto oxygen at position 11 of the steroidal
core is observed to hydrogen bond with Tyr183 as well (not
depicted).

Table 5. Biological Activities of Selected Compounds Determined in Lysates of HEK-293 Cells Expressing Recombinant Enzymes or in Intact
Transfected HEK-293 Cellsa

IC50 (µM)

no.
derived by
hypothesis 11âHSD1b 11âHSD2b 17âHSD1b 17âHSD2b 11âHSD1c 11âHSD2c

25 hypothesis 1 2.03( 0.18 NDd 20.2( 2.2 NDd 5.21( 0.68 NDe

26 hypothesis 1 7.59( 0.65 >30 >30 7.44( 1.10 >50 NDe

27 hypothesis 2 0.144( 0.027 3.95( 0.12 NDd 28.3( 5.5 0.41( 0.08 NDe

28 hypothesis 2 0.69( 0.06 0.28( 0.03 NDd 10.3( 1.3 3.84( 0.79 48( 16
29 hypothesis 2 2.81( 0.26 2.35( 0.48 >30 23.6( 6.4 12.6( 1.5 NDe

30 hypothesis 2 0.80( 0.09 0.201( 0.049 18.8( 7.3 3.78( 1.06 3.45( 0.47 6.43( 1.19
31 hypothesis 2 0.172( 0.031 0.060( 0.007 >30 NDd 1.02( 0.12 6.04( 0.84

a IC50 values were calculated by nonlinear regression analysis of the data from four independent experiments and represent means( SD. b Determined
in lysates of HEK-293 cells expressing recombinant enzymes.c Determined in intact transfected HEK-293 cells.d ND, inhibition not detectable at 30µM.
e Inhibition not detectable at 50µM.

Figure 5. Inhibition of 11â-HSD1-dependent cortisone conversion in
mouse C2C12 myotubes and 3T3-L1 adipocytes. The 11â-HSD1-
dependent oxoreduction of 200 nM cortisone to cortisol in the presence
of various concentrations of inhibitors was measured in fully differenti-
ated mouse C2C12 myotubes (A) and in mouse 3T3-L1 adipocytes
(B). Data represent means( SD from four independent experiments
and are expressed as the percentage of baseline activity in the absence
of inhibitor. Filled circles, compound25; open circles, compound27.
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Comparison of the Ligand-Based Pharmacophore Models
with the X-ray Crystal Structure of 11 â-HSD1. When

comparing the hydrogen bonding feature distances of hypothesis
1 with the arrangement of hydrogen bonds in the crystal
structure, a good correlation of the distance between the ligand-
based model and the crystal structure conformation could be
observed. While the HBA and HBD features in hypothesis 1
are located 6.41 Å away from each other, a distance of 6.21 Å
is found between the carboxyl group oxygen interacting with
the Tyr183/ribose oxygen of NADPH (a bifurcated hydrogen
bond) and the carbonyl oxygen interacting with the Ala172
backbone nitrogen (the only hydrogen bonds that4 forms with
11â-HSD1 in the active site itself). Accordingly, the HBA
feature of hypothesis 1 would represent the interaction of the
ligand with the catalytically active Tyr183. The rest of the model
is dominated by hydrophobic groups corresponding well to the
predominantly hydrophobic character of the binding pocket. As
hypothesis 2 was derived from relatively rigid GA derivatives
including 4, the structure-based model based on4 revealed a
high similarity, unsurprisingly.

Discussion

On the basis of recent experiments with transgenic animal
models and observations in humans, an enhanced 11â-HSD1-
dependent generation of active glucocorticoids in metabolically
relevant tissues, such as liver, adipose tissue, and skeletal

Figure 6. Inhibition of 11â-HSD1-dependent stimulation of GR-
mediated transactivation by compound27. To assess 11â-HSD1-
dependent activation of GR, HEK-293 cells transiently expressing
pMMTV-LacZ, pCMV-LUC, and GR, 11â-HSD1, and H6PDH were
incubated with 250 nM cortisone in the presence or absence of GR
antagonist RU486, the known 11â-HSD inhibitor GA, or various
concentrations of27 (A). As a control to verify that the effect of27 is
primarily due to the inhibition of 11â-HSD1 and not to direct receptor
antagonism, cells expressing pMMTV-LacZ, pCMV-LUC, and GR (B)
or MR (C) were incubated with 100 nM cortisol (B) or 1 nM aldosterone
(C) and various concentrations of27. After incubation for 24 h,
galactosidase reporter activity, normalized to the internal luciferase
control, was determined. Data (means( SD from four independent
experiments) represent the percentage relative to the control in the
presence of the steroid but absence of inhibitor.

Figure 7. Docked positions of25 (above),27 (middle), and31 (below)
in the 11â-HSD1 ligand binding domain derived from the PDB entry
2bel. The binding pocket is colored orange, and the catalytically active
residue Tyr183 is depicted in yellow.
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muscle, is associated with visceral obesity, hyperglycemia,
insulin resistance, and type 2 diabetes.4,6,7,10,11,14-18 Thus, there
is a great interest in the discovery of 11â-HSD1 inhibitors for
the development of therapeutic interventions in metabolic
syndrome but also for other glucocorticoid-dependent diseases
such as impaired cognitive function,48 wound healing,49 and
muscle atrophy. Indeed, arylsulfonamides and adamantly group
containing inhibitors of 11â-HSD1 ameliorated several features
of the metabolic syndrome and prevented progression of
atherosclerosis in mice.36,50-52 It can be anticipated that inhibi-
tion of 11â-HSD1 for distinct therapeutic applications will
require compounds with different properties and tissue-specific
distributions. Thus, there is a profound interest for the identi-
fication of novel classes of 11â-HSD1 inhibitors.

Several compounds inhibiting 11â-HSD1 but not 11â-HSD2,
including the arylsulfonamides and adamantyl compounds, were
discovered by HTS36,52-54 or were derived from the known
nonselective 11â-HSD inhibitor GA.55 Here, as an alternative
approach, we employed pharmacophore modeling and VS to
identify novel 11â-HSD1 inhibitors.

In this study, the first pharmacophore models for 11â-HSD1
inhibitors are introduced. The hydrophobic core of the molecule
corresponds to the sterol/GA-like part of many molecules that
are substrates or inhibitors of 11â-HSD1. Steroidal structures
are very common among endogenous and exogenous bioactive
compounds. Selectivity of these compounds can be achieved
via specific substitution patterns leading to hydrogen bonding
networks, additional hydrophobic, or ionic interactions with the
enzyme. In the case of 11â-HSD1, several amino acid residues
of the binding pocket offer potential hydrogen bonding pos-
sibilities. In structure-guided approaches, one can consider
whether a hydrogen bonding donor/acceptor group of a ligand
is directly involved in ligand binding or not. However, in a
ligand-guided approach, all hydrogen bonding groups have to
be considered as putative essential interaction groups. Thus, a
ligand-based pharmacophore model may contain more hydrogen
bonding features than are required for ligand bindingsas might
be the case with hypothesis 2.

Both pharmacophore models constitute valuable tools in the
search for new 11â-HSD1 inhibitors. Forty percent of the hits
derived by the models showed over 50% 11â-HSD1 inhibition
when tested at a concentration of 10µM. While hypothesis 1
returned numerous hits from DB searches, which required
additional filtering, hypothesis 2 was very restrictive. However,
hits derived by hypothesis 1 preferably inhibited 11â-HSD1 in
vitro while compounds selected by hypothesis 2 showed
nonselective inhibition. Remarkably, our test compounds showed
essentially similar inhibition profiles toward 11â-HSD1 and -2
as compared with the training set compounds.

When comparing the VS hits with the in vitro selectivity of
the test compounds, the question arises why27was not derived
by hypothesis 1. Fitting experiments with27 revealed that the
compound maps the chemical features of hypothesis 1 wells
with the exception of the HBD feature. Compound27 does not
even have a HBD group as a substituent to the steroidal core.
Accordingly, it can never return from a DB search with
hypothesis 1 as a search query.

For lead compound identification, hypothesis 1 revealed more
chemical diversity among biologically active hits than hypothesis
2, where mostly steroidal and GA-like compounds inhibited 11â-
HSDs.

The selectivity of 11â-HSD1 inhibitors is usually assessed
by testing such compounds for cross-inhibition of 11â-
HSD2.36,52-54 Inhibition of this enzyme in the kidney would

result in2-induced activation of MR and cause hypertension.19

Because both 11â-HSD1 and 11â-HSD2 catalyze the intercon-
version of glucocorticoids, 11â-HSD2 is intuitively chosen to
assess the specificity of 11â-HSD1 inhibitors. However, a
comparison of their amino acid sequences reveals that 11â-
HSD1 and 11â-HSD2 are relatively distant enzymes, sharing
only 18% identical sequences. In addition, 11â-HSD1 is facing
the ER-lumen while 11â-HSD2 is oriented to the cytoplasm.20,56

A phylogenetic analysis of SDR enzymes reveals that 11â-HSD2
and 17â-HSD2 share 36% identical sequences.21 Therefore, we
included 17â-HSD1 and 17â-HSD2 to further assess the
specificity of the selected compounds. Compounds26 and30
exerted significant inhibition on 17â-HSD2 and did not reach
the criteria of at least 10-fold selectivity to inhibit 11â-HSD1.
Some inhibition of 17â-HSD1 and 17â-HSD2 was also observed
with 25, 28, 29, and 30, further supporting the inclusion of
additional SDR enzymes to assess the selectivity of 11â-HSD1
inhibitors. Recent studies by Koch et al. suggest that structural
similarity rather than primary sequence similarity is the impor-
tant factor determining whether a given chemical interferes with
the activity of a related enzyme.57,58 Thus, in future investiga-
tions, the power to predict the selectivity of potential 11â-HSD1
inhibitors could be improved by including pharmacophore
models of the closest structurally related enzymes.

Suitable cell lines with an origin from metabolically relevant
tissues and expressing endogenous levels of 11â-HSD1 are
currently not available; therefore, we employed intact HEK-
293 cells that were cotransfected with human 11â-HSD1 and
H6PDH. The coexpression with H6PDH determines the reaction
direction of 11â-HSD1 as an oxoreductase in metabolically
relevant tissues such as liver, skeletal muscle, and adipose
tissue.44,45,59The kinetic parameters of25 and27 determined
in transfected HEK-293 cells, mouse 3T3-L1 adipocytes, and
differentiated mouse C2C12 myotubes are comparable, indicat-
ing that the transfected HEK-293 cell system represents a useful
model that does not require differentiation. Furthermore, it shows
that25 and27 similarly inhibit human and mouse 11â-HSD1.
Significant species-specific differences have been reported for
several other 11â-HSD1 inhibitors,26,36 making a comparison
between species more complicated.

Elevated glucocorticoid levels in skeletal muscle are associ-
ated with insulin resistance and diabetes6,8 and play an important
role in muscle atrophy.46 Here, we also demonstrate that mouse
C2C12 cells express 11â-HSD1 upon differentiation to myo-
tubes and thus represent a suitable system to investigate the
role of glucocorticoid reactivation on metabolic and inflamma-
tory parameters in skeletal muscle cells.

The therapeutic benefit of an 11â-HSD1 inhibitor is a reduced
tissue-specific reactivation of glucocorticoids with subsequent
blockade of GR-mediated regulation of gene expression. 11â-
HSDs, GR, and MR all bind glucocorticoids, thereby recogniz-
ing some common structural features of the steroid molecule.
Thus, compounds that inhibit 11â-HSD1 may exert direct effects
on the receptor(s) by binding and acting as (ant-)agonists. To
exclude that a selected compound directly activates the receptors
and to verify the 11â-HSD1-dependent effect of the compound
on receptor activation, GR- and MR-dependent reporter gene
assays are useful tools. Indeed, our results show that27 binds
to both GR and MR and antagonizes receptor activation. The
inhibition of 11â-HSD1 clearly predominates over the direct
receptor effects with a 6-10-fold preference. The weak GR and
MR antagonist effects of27might rather enhance its therapeutic
potential, since it would reduce2-mediated stimulation of
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gluconeogenesis in the liver and2-dependent activation of MR
in the kidneys.

Docking experiments enabled us to rationalize the binding
of the newly identified inhibitors. All compounds were posi-
tioned well in the active site of the enzyme and were found in
a similar orientation as the template compound4. Compound
25 is located in the hydrophobic tube formed by Leu171,
Tyr177, Leu217, and Leu262. The amide nitrogen atom is
involved in hydrogen bonding with the catalytic amino acid
residue Tyr183. While the steroidal body of27 is observed in
the same area as the4 core, no direct hydrogen bond with
catalytic residues is established; however, hydrophobic interac-
tions can be observed. The carboxyl group forms a hydrogen
bond with the cofactor molecule. Compound31 also shares the
hydrophobic cavity and hydrogen bonds with the backbone
amide oxygen of Thr124 as well as the hydrophobic interaction
with Tyr183. All inhibitors are located in close vicinity to the
essential catalytically active amino acid Tyr183. Thus, competi-
tive binding can be assumed as the mode of action.

Active compounds identified by VS often constitute only lead
compounds that undergo subsequent chemical refinement en-
hancing the drugs potency and optimizing other parameters such
as solubility, membrane permeability, or toxicity. Especially,
compound25 would be a promising candidate for further
chemical refinement and optimization because of its high
activity, extraordinary selectivity (Table 5), good tolerability,
small molecular weight, and chemical structure, which offers
several possible sites of chemical modification. A possible
approach for chemical optimization involves the generation of
a virtual sublibrary based on the lead compound(s), e.g., with
ilib:diverse software.60 VS, in silico filtering for compounds with
activity on antitargets,28,61 and docking studies set a focus on
promising candidates to synthesize and validate in vitro.

We examined if25or similar compounds have been described
in the literature before. Compound25 itself has not been
reported, neither its synthesis nor any putative biological activity.
A similarity search was conducted within the WDI employing
the Tanimoto FCFP-4 similarity descriptor embedded in the
Pipeline Pilot program.62 Only one compound was identified
revealing a score of>0.60 (the phosphodiesterase inhibitor
ZK-73433). Another similarity search conducted in the SciFinder
database63 (filter settings, only references describing a biological
study; Tanimoto scoreg 80) returned no substance. When
easening the Tanimoto score tog70, 14 compounds of interest
with reported biological activity were returned from the search,
including antiproliferative agents as well as 11â-HSD and
17â-HSD inhibitors.64-67

Conclusion

Our results demonstrate that inhibitor-based pharmacophore
modeling combined with VS of molecule three-dimensional
databases can be applied to identify novel classes of 11â-HSD1
inhibitors. Using an 11â-HSD1 selective and a nonselective
pharmacophore model, we identified compounds with struc-
tures resembling that of the known inhibitor GA and with a
sterol/steroidlike structure as well as compounds with struc-
tures that have not before been reported as 11â-HSD1 inhib-
itors. Our results emphasize that for the identification of specific
11â-HSD1 inhibitors, suitable assays including related SDR
enzymes have to be performed due to the structural similarity
of members of the SDR family of enzymes. Using27, we
demonstrate efficient and selective inhibition of 11â-HSD1 that
result in a subsequent decrease in GR-mediated gene expression.
Here, we also introduce the use of differentiated mouse C2C12

myotubes as a suitable endogenous cell system that can be
applied in addition to mouse 3T3-L1 adipocytes to study effects
on 11â-HSD1 function. Compounds identified by pharmaco-
phore modeling and VS and analyzed in suitable cell-based
assays can then be subjected to further chemical and biological
optimization for potential therapeutic applications.

Experimental Section

Pharmacophore Model Generation Employing Catalyst.The
computational molecular modeling studies were carried out using
a Silicon Graphics Octane R12000 workstation running IRIX 6.5.10.
A ligand-based approach was used to identify common features of
11â-HSD1 and 11â-HSD2 inhibitors. As a basis for the molecular
modeling studies, substances with known activity on 11â-HDS
enzymes were extracted from recent literature.26,36-39,41 The com-
pounds of the training and test set were submitted to energy
minimization and conformational analysis (max number of con-
formers) 250; generation type, best quality; energy range) 20
kcal/mol of minimum) employing the ConFirm program imple-
mented into Catalyst.68 Using the HipHop algorithm of Cata-
lyst,69,70pharmacophore models for highly active 11â-HSD inhibi-
tors were built. For each training set, 10 hypotheses were returned
by the hypothesis generation process. The pharmacophore fea-
tures considered for the models were HBA, HBD, and H features.
These features were chosen after a careful analysis of chemical
features present in known 11â-HSD inhibitors. After assessing all
10 hypotheses, a search in our in-house database consisting of
11â-HSD inhibitors derived from literature was performed in Best
Flexible Search mode71 to determine which hypothesis could
correctly identify potent 11â-HSD inhibitors.

By using the Shape algorithm of Catalyst,71 spatial information
of highly active compounds can be converted into a model. A shape
excludes compounds that do not fit in the same space as the template
molecule(s) and helps to reduce abundant hitlists derived from
database mining.

A search in our in-house DB (the so-called stockroom-DB,
Supporting Information Table S-1) of known 11â-HSD inhibitors
was conducted with all pharmacophore models as a hypothesis
validation step. This DB consists of 114 compounds with known
11â-HSD inhibition properties. All training and test set compounds
are derived from the stockroom DB, which consisted of 144
compounds with known activity on either 11â-HSD1 or 11â-HSD2
or both.26,36,37,39

MTT Cytotoxicity Assay. HEK-293 cells were grown in poly-
D-lysine-coated 96 well plates to avoid cell detachment. Cells were
incubated for 4 h at 37 °C with 40 µM of the corresponding
chemical, followed by a change to fresh medium containing 0.5
mg/mL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT). After conversion of MTT (ODA570 - A690 was kept
below 0.9), the medium was removed and 200µL of DMSO was
added to the insoluble fraction. Chloroform (1%, v/v) and sodium
hydroxide (50 mM) served as controls.

Activity Assays with Human Recombinant 11â-HSDs and
17â-HSDs in Cell Lysates.Recombinant human 11â-HSDs and
17â-HSDs were expressed in HEK-293 cells that are devoid of
endogenous expression of these enzymes, and activities were
determined as described previously.44,47The 11â-HSD1-dependent
oxoreduction of1 to 2 was determined by using [1,2,6,7-3H]-labeled
1 at a final concentration of 200 nM and 500µM NADPH. The
11â-HSD2-dependent oxidation of2 to 1 was measured similarly
using radiolabeled2 (50 nM) and NADP+ (500 µM). The 17â-
HSD1-dependent oxoreduction of estrone and the 17â-HSD2-
dependent oxidation of estradiol were measured using 200 nM of
radiolabeled estrone or estradiol and 500µM of NADPH and
NADP+, respectively. Inhibitors at a final concentration of 50 nM
to 30 µM were diluted from stock solutions in DMSO and
immediately used for activity assays. The DMSO concentration did
not exceed 0.1% and had no effect on enzyme activities. IC50 values
were calculated using the Data Analysis Toolbox (MDL Information

11â-Hydroxysteroid Dehydrogenase Type 1 Inhibitors Journal of Medicinal Chemistry, 2006, Vol. 49, No. 123463



Systems Inc.) assuming first-order rate kinetics. Data (means(
SD) were obtained from at least four independent experiments.

Activity Assays with Human Recombinant 11â-HSD1 and
11â-HSD2 in Intact Cells. HEK-293 cells were grown in 10 cm
dishes in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal calf serum (FCS) and transfected according
to the calcium phosphate precipitation method with an 11â-HSD2
expression plasmid (15µg) or cotransfected with expression
plasmids for 11â-HSD1 and H6PDH (8µg each). Six hours post-
transfection, cells were washed twice with charcoal-stripped medium
to remove steroids, detached, and distributed to 96 well plates
(30000 cells per well), followed by incubation in steroid-free
DMEM for another 18 h. Inhibitors were diluted in steroid-free
medium from stock solutions and added at a final concentration
between 50 nM and 20µM, followed by addition of 200 nM
radiolabeled1 or 2. Incubation for 11â-HSD1-dependent oxore-
duction of1 was 90 min, and for 11â-HSD2-dependent oxidation
of 2, it was 30 min at 37°C. Reactions were stopped by adding an
excess of unlabeled1 and2 in methanol, followed by separation
of steroids on TLC plates and determination of the conversion of
radiolabeled substrate by scintillation counting. Data (means( SD)
were obtained from at least four independent experiments.

11â-HSD1 Activity Assay in Intact Mouse C2C12 Myotubes.
C2C12 myocytes were cultured in six well plates containing 2 mL
per well of DMEM supplemented with 10% FCS and allowed to
achieve confluence (24 h). Myoblasts were then incubated in
DMEM supplemented with 2% horse serum for 7 days to induce
differentiation into myotubes. At day 7, 11â-HSD1-dependent
conversion of 200 nM radiolabeled1 to 2 in the presence of various
concentrations of inhibitors was determined by incubating myotubes
for 1 h at 37°C. A linear increase in the formation of2 was
observed when cells were incubated between 15 and 60 min, with
approximately 30% conversion after 60 min. Reactions were
stopped, and the conversion of1 to 2 was assessed by ethyl acetate
extraction of steroids from the medium, followed by evaporation
of the solvent and separation of steroids by TLC and subsequent
scintillation counting.

11â-HSD1 Activity Assay in Intact Mouse 3T3-L1 Adipocytes.
3T3-L1 preadipocytes were cultured in six well plates containing
2 mL of DMEM supplemented with 10% FCS until confluence
was achieved, incubated for another 48 h in the same medium, and
incubated in differentiation medium (DMEM, 10% FCS, 0.25 mM
3-isobuthyl-1-methylxanthine, 0.5µM dexamethasone, 1µg/mL
insulin) for another 48 h. The medium was then replaced with adipo-
cyte growth medium (DMEM, 10% FCS, 1µg/mL insulin) and 72
h later with DMEM and 10% FCS without insulin. 11â-HSD1-
dependent conversion of 200 nM radiolabeled1 to 2 in the presence
of various concentrations of inhibitor was determined after incuba-
tion of differentiated 3T3-L1 adipocytes for 45 min at 37°C,
followed by extraction of steroids from the medium and determi-
nation of the conversion by TLC and scintillation counting.

GR- and MR-Dependent Transactivation Assay.HEK-293
cells were distributed to poly-L-lysine-coated 12 well plates. Each
well contained 200000 cells in 1 mL of DMEM and 10% FCS.
After 18 h, cells were transfected with 300 ng of pMMTV-LacZ
reporter plasmid, 100 ng of pCMV-LUC control plasmid, 150 ng
of GR or MR expression vector, and either 150 ng of expression
plasmids for 11â-HSD1 and H6PDH or 300 ng of empty pcDNA3
vector. Six hours later, cells were washed twice with steroid-free
medium, followed by incubation for another 24 h in the presence
of steroid hormone (1 nM aldosterone for MR, 100 nM2 for GR,
and 250 nM1 for GR with 11â-HSD1 and H6PDH), receptor
antagonist (10µM spironolactone for MR and 10µM RU486 for
GR) or various concentrations of25or 27, respectively. Cells were
lysed in 50µL of lysis buffer, and lysates were analyzed with the
luciferase assay system (Promega) and theâ-galactosidase galacto-
light plus kit (Tropix). The galactosidase activity was normalized
to the internal luciferase control. Data (means( SD) were expressed
as percentage relative to the control in the presence of steroid but
absence of inhibitor and were obtained from four independent
experiments.

Docking of Compounds into the 11â-HSD1 Active Site.For
the docking experiments, we used GOLD 3.0 software (www.
ccdc.cam.ac.uk/products/life_sciences/gold/). GOLD employs a
genetic algorithm for finding accurate docking solutions. Further-
more, the program allows full ligand flexibility and partial protein
flexibility during docking. Overall, the default parameters of the
program were employed. Both protein and ligand atom types were
determined by GOLD. Additionally, cocrystallized water molecules
were included in the docking process. GOLD 3.0 allows the user
to set water molecules within the binding pocket to “toggle”, which
lets the program decide whether the water should be present or
absent (i.e., displaced by the ligand) during docking. Moreover,
with the “spin” option, GOLD can automatically optimize the
orientation of the hydrogen atoms.72 However, there is no way to
set “toggle” and “spin” as the default options for all water atoms
within the binding pocket, thus the user has to enter the atom
numbers of the oxygen atoms for each water molecule manually.
To circumvent this, we wrote a Perl script, which does the
following: (i) take a protein file in mol2 format and a GOLD
configuration file and (ii) add all of the water molecules from the
protein file to the new GOLD configuration file and sets them to
“toggle” and “spin”, removing all previous water data from the
configuration file. Because GOLD only looks at water molecules
within the binding pockets, changing the settings for all of the other
water molecules in the protein does not affect the docking run.
With this modified configuration file, the following docking
experiments were performed. First, the cocrystallized ligand4 was
docked into the LBD to determine whether GOLD could restore
the original binding conformation and orientation (Supporting
Information, Figure S1). The high consensus of the docked vs the
observed binding mode confirmed that our docking protocol was
suitable for this target. Accordingly,25, 27, and31 were docked
following this newly established protocol.
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